We report the discovery of about 140 new energy levels of the neutral praseodymium atom, found by means of laser-induced fluorescence spectroscopy. Their energy has been determined with an uncertainty of 0.010 cm −1 using a wave number calibrated Fourier-transform spectrum.
Introduction
This work is a continuation of our systematic investigation of the praseodymium atomic spectrum (Pr I) with the goals of a more complete knowledge of its energy level scheme and to widen the classification of its spectral lines.
Praseodymium belongs to the rare earth elements, which have in common an open 4f electron shell. In nature one finds only one stable isotope, 141 Pr 59 , with the electronic ground state [Xe] 4f 3 6s 2 , 4 I
• 9/2 and nuclear spin quantum number I = 5/2. Its nuclear magnetic dipole moment is μ I = 4.2754 (5) μ N [1] , and its nuclear electric quadrupole moment Q = −0.0024b [2] . Due to the open 4f shell, Pr has a huge number of energy levels. This in turn leads to a very rich line spectrum.
In 1978, the electronic levels discovered by several authors were collected and published, see [3] . Later, great progress was achieved by Ginibre [4] [5] [6] . She evaluated high resolution Fourier transform (FT) spectra, thereby discovering a large number of electronic levels of Pr I and Pr II and determined their parities, angular momenta, and hyperfine (hf) constants. Using an atomic-beam-magnetic resonance method, hf constants of many known low-lying metastable levels were determined with high accuracy by Childs and Goodman [7] . Investigation of the hf structure of Pr I lines was performed later by Kuwamoto et al. [8] , Krzykowski et al. [9] , and Furmann et al. [10] . Our group has been concerned with investigations of the hf structure of Pr I lines since 1999. First values of hf constants have been published in [11] . Later on we concentrated mainly on the discovery of unknown energy levels. Some of the results are published in [12] [13] [14] [15] .
The spectrum and level structure of the Pr atom are of astrophysical interest [16, 17] and of course are indispensable for a thorough theoretical description of the level scheme [11] .
Experimental Details
Our investigations are based on a combination of laserinduced fluorescence (LIF) and Fourier-transform (FT) spectroscopy. Spectral lines of Pr were excited by laser light, generated by means of a tunable single-frequency dye laser system. Our source of free atoms was a dc hollow cathode discharge, which produced free Pr atoms by cathode sputtering. Due to the collision processes within the Ar plasma, also high-lying Pr levels are populated, thus the laser light could excite also atoms being in states with energies of up to 25000 cm −1 . A detailed description of the experimental setup is given in [13] .
First the laser wavelength was set to a selected value (extracted either from a wavelength table [18] or from a FT spectrum). The light emitted from the discharge was dispersed by a monochromator and detected by a photomultiplier. By scanning the monochromator wavelength, we could find laser-induced fluorescence signals with the help of a phase-sensitive Lock-In amplifier. This was possible because only laser-induced fluorescence light, emitted together with the complete Ar-and Pr-spectrum of the discharge, is modulated bearing the chopping frequency of the exciting laser beam.
Then we set the monochromator to one of the fluorescence lines and scanned the laser frequency over the hyperfine structure of the spectral line. In this way, we recorded the hf pattern of the excited transition.
Data Evaluation
Evaluating the recorded hf pattern, we determined the values of total angular momentum J and hyperfine constants A of the levels involved in the investigated transition (in most cases, the B-factors could be neglected due to the small quadrupole moment of the Pr nucleus). This information, together with an estimated center-of-gravity (cg) wave number of the excited transition and the measured wavelengths of all fluorescence lines, usually allowed the determination of the energy of the excited level.
In most cases, the lower level involved in the transition could be identified on the basis of J and A. Then a hypothetical upper level is introduced; its energy is calculated by adding the cg wave number to the energy of the lower level. Since the J-value of the new upper level is known from the evaluation of the observed hf structure, a list of possible transitions to known lower levels can be calculated. If this list explains the observed fluorescence lines, one can assume that a new upper level has been found.
Sometimes it turned out, that the fluorescence lines could be attributed to the decay of an already known upper level. In this case we had to assume, that the lower level of the transition is not yet known. The energy of the new lower level could be found by subtracting the cg wave number from the energy of this known upper level.
The situation was more complicated in cases where neither the lower nor the upper level of the excited transition - [19] 5288.376 nl, f 1 11/2 31562.535 665 (8) This work 5368.993 nl, f 17 13/2 31278.686 662.8 (40) [10] 5384.011 nl 9 13/2 31226.756 641. 4 (20) - [10] 5643.521 nl, f - [19] Advances in Optical Technologies 5 was known, and none of the combining levels could be identified by J-and A-values (Figure 1(a) ). If one of the fluorescence lines was in the wavelength range of our laser light sources, we tried to perform a second excitation at this wavelength. With some luck, we were able to identify the lower level of the new excitation. Then the energy of the unknown upper level could be determined, and in sequence, using the wave number of the first excitation, the energy of the new lower level (Figure 1(b) ). If none of the fluorescence lines could be reached with our available lasers, we had to choose the following procedure: if there were more than two fluorescence lines whose wavelengths could be determined accurately, we had a chance to find the positions of the levels by explaining the wave number differences of the fluorescence lines as differences between the energies of already known levels ( Figure 1(c) ). Of course, we had to consider the ladders of even and odd levels separately, since we did not know the parity of the upper unknown level. In 2007, we were able to record a highly resolved FT emission spectrum, which contains more than 25000 spectral lines, using our hollow cathode discharge as light source. A first analysis led to the classification of about 1200 lines as transitions between already known levels (in the wavelength range 3977 to 9878Å) and to the discovery of 23 new levels [11] . But it turned out that this spectrum is also very helpful in improving earlier laser spectroscopic data, since a huge number of excited lines and/or lines observed as fluorescence transitions can be clearly identified in the FT spectrum due to their characteristic hf patterns. Moreover, after calculating all possible combinations from a level together with their expected hf patterns, one can have a look at the FT spectrum if these patterns appear and classify in this way spectral lines. Having determined the A-factors from the laser spectroscopic recording, the cg wavelength can be determined with an accuracy of 0.001Å adjusting a calculated hf pattern to the pattern of the line taken from the FT spectrum. In this way, the cg wave number of the line can be determined with high accuracy. Using already corrected energy values of known levels, the energy of the new levels could be determined now with an accuracy of 0.010 cm −1 . Not all of the excited transitions appear clearly in the FT spectrum. Due to the huge number of energy levels, blend situations, in which different pairs of combining levels possess the same wave number difference, are observed quite frequently. Then the corresponding hf patterns overlap, so one observes their sum curve, weighted with their relative intensities, in the FT spectrum. In such cases, it is not always possible to determine reliable cg wavelengths. It is also possible, that a transition is quite weak in the emission spectrum, thus the corresponding line has an intensity below the noise of the FT spectrum. Nevertheless, sometimes it is possible to excite such a weak transition and to observe a LIF signal with good signal-to-noise ratio (SNR). Sometimes also LIF signals can be observed having wavelengths not appearing in our FT spectrum. Most of the fluorescence decays of the new levels were clearly visible lines in the FT spectrum with high SNR. In these cases, their cg wave number could be used to determine the energy of the decaying level with good accuracy.
Only for a few new levels neither the excited nor the fluorescence lines showed up in the FT spectrum, and it was also not possible to find other lines that could be explained as transitions combining with the new level. In such cases, we used a new method to determine the excitation wavelength with high accuracy (explanation see Example 2). When exciting in the hollow cathode plasma with an estimated cg wavelength λ = 5746.49Å, we observed an hf pattern, which could be attributed to a transition between two levels having both J = 5/2, A up = 818 MHz, and A lo = 892 MHz. Fluorescence was observed on several lines, amongst them λ fl = 5919Å and 4485Å (the reading of the monochromator is accurate to ±2Å). None of the levels in our database possessed matching J-and A-values, thus we had to assume that for this transition two unknown levels combine. Fortunately, one of the fluorescence lines, 5919Å, was in the range of our dye laser. Thus we tuned the monochromator, used for selecting the LIF wavelength, to the second fluorescence line λ fl = 4485Å. The laser wavelength was then set to λ start = 5919Å and tuned until an LIF signal was observed (at λ = 5919.58Å). Again the observed hf pattern was evaluated, and this time the lower level could be identified to be 13415.739 cm This level was discovered when tuning the exciting laser wavelength to λ = 5826.37Å (a small peak in the FT spectrum). A strong LIF signal was detected at wavelength λ fl = 5177Å. The recorded hf pattern could be interpreted C: Comment; nl: new line; e: excited; f: observed as fluorescence line. Lines, for which SNR 1 is given, do not show up in our FT spectrum but could be excited or were observed as fluorescence lines.
Examples for Finding New Levels
as transition between levels having J up = 11/2 and J lo = 9/2 with A up = 370 MHz and A lo = 1365 MHz. The cg wavelength of the structure was 5826.37±0.01Å. The known lower level 11730.668 cm −1 , odd parity, had compatible values, and we calculated an energy of 28889.29 cm −1 for a hypothetical new even parity level. The strong fluorescence line could be explained as decay to the lower level 9579.820 cm −1 , odd parity, J = 9/2. This interpretation was confirmed thereafter by three further laser excitations (λ = 5690.96, 5693.32 and 5831.69Å). Figure 2 shows part of the FT spectrum around the line 5826.37Å. The accuracy of the cg wavelengths is determined by our lambdameter to be 0.01Å. This level explains one further line in the FT spectrum with respect to wavelength and hf pattern, λ = 6817.989Å (cg wavelength from FT spectrum).
When we tried to determine the energy of the level with higher precision, it turned out that we could not find suitable lines in our FT spectrum: none of the 4 excited transitions appears in the FT spectrum. The line λ = 6817.989Å (SNR = 4 in the FT spectrum) is a transition to a lower level whose energy is not accurately known, and the quite strong line λ = 5177.373Å (SNR ≈ 220) is blended by another strong line. Nevertheless, we tried to use the high wavelength accuracy of the FT spectrum (0.001Å compared to 0.01Å of our lambdameter) for a determination of the excitation wavelength. As can be noticed in Figure 3(a) , the interesting wavelength is in the neighborhood of a well-resolved line (cg wavelength λ = 5826.461Å). We scanned the laser frequency over this line and detected a strong LIF signal at λ fl = 5107Å. After having passed the first 3 strong hyperfine components of this line, we switched the monochromator to the fluorescence line λ fl = 5177Å, without interrupting the scan. Thus we obtained a recording in which the signals received on both fluorescence lines were contained next to one another (Figure 3(b) ).
Using our fit program and the known hf constants of all 4 involved levels, it was possible to find the wave number difference of the cg's of both lines with high precision. By adding this value to the cg wave number of the line λ = 5826.461Å, we were able to find an accurate value for the cg wave number of the excitation to level 28889 cm −1 . The corresponding wavelength is λ = 5826.369(1)Å. With the new cg wave number, the energy of the new level was determined to be 28889.260(10) cm −1 . For confirmation, similar procedures were performed with two other excitations, and we found the wavelengths λ = 5831.692 and λ = 5693.323Å, which both confirmed the energy of this new level.
Results
In Table 1 we report data of low-lying even levels, discovered as lower levels of excited transitions. In columns 1 to 3, values 34 Advances in Optical Technologies of J, the energy, and the A-factor are given. Columns 4-6 contain all lines known to us who can be classified with help of this level. The wavelength in column 4 is given with 3 digits after the decimal point if it is extracted from our FT spectrum. Two digits are given for excitation wavelengths measured with help of our lambdameter (accuracy 0.01Å). For fluorescence lines having SNR = 1, the wavelengths calculated from the level energies are given. All wavelengths are given in air. In column 5, a comment is entered: nl means that it is a new line, not contained in commonly used spectral tables (e.g., [18] ). If cl is given, it is an already known line which could be classified with help of the new level. e indicates that the line was excited, f that it was observed as a fluorescence line after excitation of the upper combining level. In column 6 the SNR of the line in our FT spectrum is given. If there is given SNR = 1, the line does not appear in the FT spectrum, but was observed as excited (comment e) or as fluorescence line (comment f). In columns 7 to 11, information on the combining upper level is entered. The citations in column 11 refer to the Aand B-values of columns 9 and 10. If a line of column 4 was excited, we additionally give in columns 12 to 16 information concerning the observed fluorescence line(s). nl and cl in column 13 have the same meaning as in column 5. Table 2 contains data of low-lying odd levels, discovered as lower levels of excited transitions, and is built similar to Table 1 .
In Table 3 all levels discovered as upper levels are listed, divided in two groups: even parity and odd parity. Within each group, the levels are sorted with respect to J (column 1) and for each J with increasing energy (column 2). Column 3 contains the A-factor and column 4 the B-factor if we were able to determine it reliably. In column 5, excitation wavelengths are given (not more than 2) and in column 6 fluorescence wavelengths (not more than 2). Table 4 contains detailed information concerned with the new even levels. The table is built analogously to Table 1 (but  here the columns 12 to 16 of Table 1 are not needed). Table 5 contains detailed information concerned with the new odd levels and is built similarly to Table 4 .
